Introduction
Interstitial microwave hyperthermia is a kind of thermal therapy which uses high frequency needle electrodes, microwave antennas, ultrasound transducers, laser fibre optic conductors, or ferromagnetic rods, seeds or fluids to treat pathological cells located deep within the human body [1] . The above mentioned elements are directly implanted into diseased tissues and therefore the pathological tissues can be easily heated to a therapeutic temperature of 40 -46 o C, while surrounding normal tissues are minimally affected [2] . The invasiveness of this method makes potentially the most effective one in successfully used to curing brain, liver, breast, kidney, bone and lung tumors [3] . Heat produced by microwaves can be applied to induce thermonecrosis in tumors and cancerous tissues at the distance of 1 to 2 cm around the heat source. It is worth noting that this technique is suitable for tumors less than 5 cm in diameter [4] . Moreover, microwave hyperthermia is frequently used in conjunction with other cancer therapies, such as radiation therapy or chemotherapy.
Basic recommendations for non-communications applications of the industrial, scientific and medical (ISM) equipments have been designated by the International Telecommunication Union (ITU) [5] . According to ITU, typical ISM devices are designed to generate and utilize locally microwave energy for hyperthermia applications in three frequency bands: 433.05-434.79 MHz (in Europe), 902-928 MHz (in the USA) and 2400-2500 MHz (worldwide) but in medical practice frequencies of 434 MHz, 915 MHz and 2.45 GHz are commonly used [2] as presented in this paper. Because, in the small antennas for interstitial hyperthermia, the whole microwave frequency range (300 MHz -300 GHz) is limited to a frequency not exceeding 3 GHz, the wavelength varies in the range between 10 cm -100 cm.
Nowadays, there are many studies on cancer therapy using hyperthermia which demonstrate that this aspect is still important and more research is needed in this matter [6, 7] . More and more scientists are looking for new solutions in the hyperthermia treatment. Recently, the use of nanoparticles in magnetic fluid hyperthermia is under examination [8] . Talking about hyperthermia cannot ignore its historical context [9] . Despite a long history, further investigation into hyperthermia techniques is necessary to make this method simpler, safer, more effective and widely available for patients.
Main equations and geometrical model
Figures 1 -2 demonstrate the analysed model of the thin coaxial-slot antenna. It includes such elements as central conductor, dielectric, outer conductor and a plastic catheter, which performs the protective function for all other elements of the antenna. The air gap with size d is located in the outer conductor. The antenna dimensions are taken from [10] and summarized in Table 1 . In fact, the computational area is much larger than it is presented in Fig. 1 , and the antenna width does not exceed 2 mm. Due to the axial symmetry of the model cylindrical coordinates r, ϕ, z are used. The 2D model, which includes only half of the antenna structure and the surrounding human brain tissue, is sufficient for analysis. The whole 3D model can be obtained by rotating the 2D model along the z axis.
To derive the basic formulas let us start with the Maxwell's equations in the time domain as following:
where E and H are the electric and magnetic field strengths, respectively, J is the current density and D and B are adequately the vectors of electric displacement density and magnetic induction. 
In the frequency domain the time derivatives are replaced by the factor jω and all the vectors are changed by their complex equivalents according to the equation
where j is the imaginary unit and ω is the angular frequency of the electromagnetic field. After taking into account the Ohm's law in differential form J = σE and material dependences D = ε 0 ε r E and B = μ 0 μ r H, for uniform, linear and isotropic medium, equations (1) and (2) in the complex domain take the form
where ε 0 and μ 0 are the permittivity and permeability of the vacuum, ε r and μ r are the relative permittivity and relative permeability of the medium, respectively and where σ is the electrical conductivity of the body. After applying the rotation operator to both sides of equation (4) and substituting equation (5) into such converted equation (4) the following equation can be derived, describing the field distribution in the computational domain
where ε r is the complex relative permittivity specified by
Moreover, k 0 is the free-space wave number defined as
and c 0 is the speed of the light in vacuum. In the analysed model transverse magnetic (TM) waves are used and there are no electric field variations in the azimuthal direction. A magnetic field has only the ϕ -component and an electric field propagates in the r-z plane, which can be written as:
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In the case of an axial-symmetrical model, the wave equation takes the form of scalar equation as bellow
H H
The presented problem assumes that the all metallic surfaces using PEC (perfect electric conductor) boundary conditions are modelled
where n is the unit vector normal to the surface. Moreover, the external boundaries of the computational domain, which do not represent a physical boundary (except the axis of symmetry z) have the so-called matched boundary conditions that make the boundaries totally non-reflecting. This boundary conditions assume the form
where H ϕ0 is an input field incident on the antenna like this
In the equation above P in is the total input power in the dielectric, while r 1 and r 2 are the dielectric's inner and outer radii, respectively. Further Z signifies the wave impedance of the dielectric, which is given by the formula
where Z 0 is the wave impedance in vacuum. Table 2 . Electro-thermal parameters of the tissues for various microwave frequencies used in the medical practice [11, 12] Frequency Furthermore, on the symmetry axis of the antenna it is assumed that
The seed point is modelled using a port boundary condition with the power level set to P in = 1W at the low-reflection external boundary of the coaxial dielectric cable. The full derivation of wave equation (11) can be found in [13] . The electromagnetic field is coupled with temperature field using the so-called bioheat equation given by Pennes in the mid-twentieth century [14] . The Pennes equation describes the phenomenon of heat transfer in biological tissues and in steady-state analysis it is expressed by
where T is the body temperature (K), k -the tissue thermal conductivity (W m 
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Since the computational domain is limited to a part of the human tissue, it can be assumed that the heat exchange between parts of the same tissue does not occur and the boundary condition describing this process uses thermal insulation given by
Simulation results
In the analyzed model, the human tissue and antenna are considered as uniform mediums with averaged material parameters. The antenna operates at different frequencies designated by ITU. Since the human tissues are the dispersion media, therefore their electrical parameters depend on the frequency, as shown in Table 2 for different tissues. The blood parameters are given in Table 3 . Other electrical parameters of the antenna are put together in Table 4 . Moreover, the metabolic heat generation of the tissue is neglected because usually Q met << Q ext . Both main equations (11) and (17) with the appropriate boundary conditions method were solved using the finite element. Table 4 . Electrical parameters of the coaxial-slot antenna [10]  r μ r  (S m
All simulation results that are summarized in Figures 3 -7 have been calculated for P in = 1 W. Next illustrations (Figures 6 -7) show the temperature distributions in different human tissues along two specified paths for different frequencies used in medical practise.
Summary
Interstitial microwave hyperthermia is an invasive type of thermal therapy, in which heat produced by microwaves is used to kill pathological cells associated with tumors located deep with the human body. Because this special technique is now gaining new fields of application in the treatment of liver, breast, kidney, brain and lung tumors, these types of tissues were used in the simulations. It should be remembered that tissue parameters such as permittivity as well as electric and thermal conductivity are closely connected with the frequency and type of human tissue. As expected, the temperature inside tissue decreases rapidly with the distance from the microwave antenna and its largest values occur near the antenna's air gap. For frequency of 2.45 GHz, the greatest and the lowest temperatures occur in breast and liver, respectively. Interestingly, very similar temperature values can be observed in the kidney and brain tissues. For lower frequencies the tissue set changes as a direct result of their electro-thermal parameters. Now the highest temperatures appear in the lung tissue and the smallest in the kidney and liver tissue. What is more, the temperature induced in the tissue is reduced. The values of the tissue temperature can be easily enlarged by increasing the antenna's input power.
